The behavior of charged particles in low-frequency geomagnetic pulsations is examined with particular emphasis on what a spacecraft-borne detector would observe. We concentrate on the effects of purely transverse electromagnetic signals. The time scale of a particle's motion relative to the wave period is shown to determine the nature of its response. For low-energy particles, the acceleration in the last gyroperiod before detection is what matters. At higher energies, what has occurred over recent bounce and drift motions becomes increasingly important and convection of gradients by the wave E x B drift must be considered. Distinguishing features such as phase differences between signals in back-to-back detectors or between channels of different energy are catalogued. In particular, we assess the detectability of resonance effects in the light of detector characteristics and finite signal bandwidth. Recent observations are used to illustrate the ideas developed.
INTRODUCTION
This paper sets out the theory of particle behavior in a purely transverse low-frequency wave in the magnetosphere.
We specifically ask what a spacecraft particle detector would see in the presence of a wave. This turns out to be a strong function of the energy and pitch angle of the particles to which the detector responds. Because the story is quite complex, we have limited this paper to the study of purely transverse signals. In a separate work we intend extending the analysis to waves of arbitrary polarization.
The problem is worth studying just as an exercise in our understanding of collisionless plasma behavior, but there are potential applications to specific problems of magnetospheric interest: The waves we are interested in can be fairly large scale phenomena, occupying an entire flux tube length and displacing plasma by as much as a fraction of an earth radius perpendicular to the field near the equator. Such wave amplitudes are given in or can be deduced from papers like Kivelson [1976] , Cummings et al. [1978] , and Hughes et al. [1979] .
In the presence of these large scale waves, one may be able to probe plasma conditions away from the spacecraft locations. Hughes et al. [1979] have already provided such an analysis of steep spatial gradients in electrons of about 10 keV energy near synchronous orbit. Their results have implications for our understanding of the overall convection pattern in the magnetosphere [Kivelson et al., 1979; Southwood and Kaye, 1979] . One may also be able to examine particles actually in resonance with a plasma wave. There is mounting evidence that resonance phenomena are one source of low-frequency wave noise in the magnetosphere (most recently in Hughes et al. [1978, 1979] ). Also, suggestions have been made that resonant effects can cause major spatial scattering of particles [Hasegawa and Mima, 1978] .
A succession of papers using data from a variety of spacecraft has examined variations in particle flux in magnetospheric pulsation events [Brown et Kokubun et al., 1977; Cummings et al., 1978] . The standing structure also means that the wave field should exhibit some symmetry about the field line equator. If we assume northsouth symmetry in the background field, the fundamental mode should have the electric field, field displacement and plasma velocity perturbation symmetric about the equator while the transverse magnetic field perturbation is antisymmetric. In contrast, the next higher harmonic has a transverse magnetic perturbation that is symmetric about the equator and E field, field displacement and velocity perturbation that are antisymmetric. Figure 2 shows the field line configuration at extremes of the oscillations and illustrates this point. Inspection of Figure 2 shows that such statements are dependent on the field displacement being small in the ionosphere (fixed field line end condition). The ionospheric boundary condition has received some attention (see, e.g., Hughes and Southwood [1976a] , Newton et al. [1978] , and Allan and Knox [1979] ) and at times the conductivity may be so low that a free end condition may be more appropriate. Such would seem to be the exception rather than the rule and we shall ignore this possibility throughout the remainder of the paper.
Transverse magnetic signals, Alfv6n mode signals, have a transverse electric field associated with them, but unless the wavelength is as short as the mean proton Larmor radius we do not expect a significant parallel electric field signal (see, e.g., Coroniti and Kennel [1970] 
TIME SCALES OF PARTICLE MOTION
The relative time scales of wave and particle motion are crucial to ordering our problem. The shortest time scales involved are the gyration times of electrons and protons. Both are much less than the period of the waves, and we shall also assume the corresponding spatial scales, the Larmor radii, are much smaller than the wavelength. This does not mean we need not consider effects which act on a particle on the scale of its gyration. We shall see that we do. This is because we are orienting our work to what is seen in a particle detector and a detector is much smaller than a particle Larmor radius.
The next smallest scale we need to consider is that of particle motion back and forth along the Earth's field. A particle whose bounce period greatly exceeds the wave period responds only to the wave fields in the spacecraft vicinity. In contrast, a fast particle with a bounce period much less than the wave period responds to the overall wave field distribution it sees along its entire bounce orbit. Medium energy protons (1-10 keV) have bounce periods of about a minute at geosynchronous orbit which is also a typical pulsation period. An electron of the same energy bounces 40 times faster. The spread of energies measured on a spacecraft and the fact that both protons and electrons may be measured mean that commonly information is available on particles responding to both local and bounce orbit averaged fields. Note, however, that near the equator a detector looking at 90 ø pitch angle particles is seeing particles which are sampling only a small (local) fraction of the wave field whatever the energy being measured because of the small amplitude of the bounce motion of such particles. In contrast, a detector looking at small pitch angle, wherever it is, sees particles which sample the wave over a vast fraction of the flux tube if their energy is high enough.
There is one more time scale in particle adiabatic motion in the magnetosphere. This is the drift period, the time taken to move around the earth under VB and curvature drifts. It is inversely proportional to energy and much exceeds the period of a pulsation for any reasonable energy. However, pulsations have a finite scale length in the east-west direction and thus the important time scale is the time to drift through a wavelength. As in many theoretical works, we shah describe the east-west wave variation by exp (imq•) (q•, longitude), so that the east-west angular wavelength is 2•r/m; m need not be an integer. We write the mean east-west angular drift rate as and so the time scale to drift through a wavelength is 2•r/m&d; once this is comparable to or less than the wave period, drift motion east-west is important.
When the wave period is comparable to 2•r/m&u, a resonance is possible; a particle drifts at the rate the wave moves east-west and the particle can thus see a steady component in the wave signal. Resonances are also possible when wave period and bounce period are comparable. The generalized con- 
ACCELERATION OF A PARTICLE IN ITS GYROORBIT
In a transverse hydromagnetic wave any change in particle energy must be due to acceleration by the wave electric field E. Over many gyrations the mean rate of change of energy (W) for a particle of charge q is given by the well-known expression [Northrop, 1963] 
W = qE. va (la)
where va is the magnetic gradient and curvature drift. Although this represents the mean rate, it is not the instantaneous acceleration rate. The gyration motion through the wave electric field means there is a continued acceleration and deceleration on the scale of a Larmor orbit. As the wave period much exceeds the proton (and of course the electron) gyroperiod, on a gyration scale the wave appears static to the particle and the particle's net excursion in energy in a gyra-
where v•_ and ft are the particle gyration velocity and gyration frequency, respectively; IEI is the wave electric field amplitude.
What a particle detector sees depends on its look direction relative to the wave E field direction. Figure 3 illustrates We shah refer to the acceleration process looked at in this section as 'gyration acceleration' in the remainder of the paper and continue to denote it by &W r ACCELERATION OVER MANY GYRATIONS:
EQUATORIAL PARTICLES
In this section we proceed to consider the acceleration a particle experiences over many gyrations. Equation (la) gives the rate of change of energy. Henceforward we shah add a subscript A to signify this rate is averaged over many gyrations:
The acceleration represented by (lb) is a slower process than the gyration acceleration described above. As a result we need to consider particle motion over time scales much longer than the gyration time, but by the same token, the amount of acceleration is not gyrophase dependent. An omnidirectional detector would detect a change in flux just as well as a directional detector would.
To compute the change in energy a particular particle has experienced, we need to integrate the right-hand side of (lb) back over its past orbit and inevitably over many gyrations. We restrict ourselves to particles with Larmor radii small compared to the scale on which the wave varies. The orbit integration can then be done back along the path of the particle guiding center. This motion consists of an east-west motion due to •B and curvature drift and bounce motion along B. We clearly may need to deal with wave amplitude variation both along B and in longitude across B. To order the latter, we take the signal to vary as exp i(m• -•ot) and •0 is the wave frequency.
We defer a discussion of the structure of the wave field along B by first focusing our attention on particles with near 90 ø equatorial pitch angles. Such particles will not sample much of the field variation along B because their bounce amplitudes are small. Despite the fact that they respond solely to the equatorial field amplitude, the 90 ø particles reveal many of the complexities of the wave-particle interaction problem.
Equatorially mirroring particles of velocity v in a dipole to E x B sees particles that have accelerated over their last half magnetic field drift azimuthally with a velocity gyration before detection. It should be clear that the acceleration can be described just as that due to each particle's velocity being changed by E x BIB 2 due to the presence of the conditions. In practice, after a finite time, a particle's behavior should not be strongly dependent on how it initially interacted with the signal. In a real signal a particle will see a sinusoid only for a finite interaction time. This time is inversely proportional to the bandwidth of the signal or proportional to the time a particle takes to travel through a coherence length. The smoothing of the particle 'memory' of a Fourier component of the wave signal in the long term can be usefully simulated mathematically by assuming a weakly growing signal and taking the integration far back in time to where the amplitude is negligibly small. Doing this, we find that the first order (in the wave amplitude) change in the particle energy produced by the wave over many gyrations is qE, When (6) holds the particle's grad B drift is just such as to keep the particle moving on a phase front of the wave. A resonance, drift resonance, is occurring. A particle in resonance sees a constant disturbance and a secular change in energy results. The interaction time mentioned above is again a useful concept. The secular gain for a particular particle in resonance lasts only for an interaction time, the length of time that the particle sees a sinusoid. Recomputing the energy change for a particle strictly in resonance for a time T yields 8 WA = r qE•, 3v• 2 exp i(m•k -wt)
• 2LRE
It is immediately apparent that, as T > w -', by definition, the resonant response is large and the energy of strictly resonant particles oscillates in phase with E,(r, t). In contrast, as (5) shows, at lower and higher energy the oscillation in particle energy is in quadrature with E,. To compute systematically how this phase variation with energy behaves, we return to our mathematical formulation with a small wave growth rate, ¾, which represents in many respects the effect of a finite bandwidth. Near resonance one finds
qE• 3v • [ ¾-i(to r --moos) .• 8 WA -• 2LR-• exp i(m,k -wO q + (O•r _ •--•d)2• (8)
where 0) r is the real part of the frequency. Equation (8) shows the feature we remarked above, namely, that the response of resonant particles is in quadrature with the response at lower and higher energies. At this stage it is important to consider another feature of particle detectors. The form of (8) shows that for resonance, one needs a particle to have a drift such that loot-mWdl < ¾
An actual detector is very unlikely to be able to detect just those particles in resonance. It is likely to respond to a range of particle energies much wider than the energy range of particles close enough to resonance that (9) Before we can combine the results derived above to discuss the actual particle flux variations which a particular wave should produce, we need to recognize that flux changes produced by a wave in a spacecraft-borne detector need not be due to particle acceleration alone. The wave also conveers particles back and forth across the ambient field, and if there is a pre-existing gradient in the spatial distribution in the direction of wave motion, flux oscillations can result. To keep matters simple, we shah assume the major gradients are in the meridian. This is not a very binding assumption, and results are readily adaptable when it is not good. If the magnetic field is not strongly varying east-west, we can use the magnetic shell parameter L as a space coordinate, where L is the radial distance (in Earth radii, R•r) of a field line's equatorial crossing point. We shah adopt a convention that L is a space coordinate, and so labels field lines only when the wave is absent.
An equatorial particle moves in L at a rate L = E x B/B2Re and so integrating just as before, for nonresonant particles 8L = E, i exp i (mVp -wt) Comparison of (13) and (14) with (5) and (11) shows that 8L for 90 ø pitch angle particles is directly proportional to 8W,•, the adiabatic change in energy. As a result, the relative importance of gradients in space and energy can be assessed easily. One finds using (5) and (13) Say we consider a detector looking radially outward. At low energies we expect to see particle flux increase in the detector in phase with E,. As one moves to higher energy, the adiabatic acceleration becomes more important and for nonresonant particles, this produces a flux change in quadrature with E• (see (5)). Because the adiabatic term becomes increasingly important, the flux oscillation expected as one moves to higher energies has its phase shifted with respect to E, and with respect to lower energy channels. Such phase shifting with energy has been observed [e.g., $uet al., 1977], and it is important to note that an effect as simple as that described here may provide the explanation. Once the energy is high enough that coa --, w/m, there is again a phase shift with energy. As (7), (8), and (14) show at resonance the response is in phase (or strict antiphase, depending on the sign of the distribution gradients) with E,. But note here that drift resonance is only possible for one species in any particular wave. If IOf/OLI >> I(Of/OL)aal, the gradient effect will dominate the distribution change, but in many practical circumstances all effects are of similar magnitude. However, each effect does have distinguishable features. Gyration acceleration has the unique feature that it provides signals in antiphase in detectors looking in opposite directions when projected into a plane perpendicular to B. Gyration acceleration is proportional to the local value of the wave electric field and is largest for 90 ø pitch angle particles (see (3)). Gyration acceleration is negligible wherever the local E field is small. In particular, it is negligible near the equator in an antisymmetric wave, as there is an E field node at the equator (see Figure 2) . The gradient effect is proportional to the local field line displacement in the meridian. In a standing wave, this displacement is in quadrature with the local east-west electric field. This effect is omnidirectional; it provides the same flux whatever the detector look direction. The effect, as well, is small at any point along B where the local electric field is 
ACCELERATION OVER MANY GYRATIONS

COMMENTS ON DETECTORS
In the preceding, we have delineated the varying ways that particles of different energies can interact with a transverse hydromagnetic wave, and have particularly concentrated on what controls the flux oscillations a detector looking in a particular direction should see. Table 1 summarizes the key features of the particle responses we have noted. We have pointed out specifically the effect of the finite energy bandwidth of any detector in limiting the resolution of resonant particles (originally briefly discussed by Dungey and Southwood [1971] ). One needs also to recognize that any detector responds to a finite range of 15itch angle, and because both bounce and drift frequencies are functions of pitch angle, a detector's pitch angle range may limit resolution.
We have pointed out the virtue of back-to-back detectors.
Such a configuration can potentially distinguish gyrophase and bounce phase dependence, both of which are important diagnostic tests of competing effects. On many spacecraft, the same capability can be achieved by a single detector mounted at right angles to the spacecraft spin axis if the spin rate is rapid compared to the wave frequency. Commonly, detectors scan in pitch angle. When this is done mechanically it can be very limiting for wave studies, as a full mechanical scan tends to take times comparable to wave periods. been during periods when no scanning was being done and measurements were being obtained at fixed pitch angle.
The UCSD ATS 6 instrument also scans in energy and this raises another timing problem. The instrument measures ions and electrons in 64 energy steps between 0 and 77 keV. In a typical cycle of measurements, it will dwell at a particular energy for 16 s and then step over the entire range through each channel in the remaining 32 s of the cycle. Once again, scanning is being done on the time scale of a hydromagnetic wave, and this is a limitation. Hughes et al. [1979] solved this problem in an ingenious way by ordering measurements by wave phase and putting together many measurements over many cycles to determine the phase relationship between the wave and particles in a particular energy channel.
The UCSD ATS 6 detector is an example of a detector with a very wide energy range and relatively good energy resolution. The same spacecraft carried an array of telescopes from NOAA's Space Environment Laboratory, which measured energetic ions above 25 keV. Data from these instruments have given rise to a series of papers on hydromagnetic wave and particle interactions [Suet al., 1977 [Suet al., , 1980 We can see by inspection of Figure 1 that for electrons, Of/O W < 0. If w > m&,t, particle energy rises when the field is displaced earthward and so one expects the flux to rise when the field is displaced earthward. The spacecraft is some 200-30 ø above the equator which means one expects Bx to be maximum when the field line is displaced inwards if the wave is symmetric about the equator (of. Figure 2) . This prediction fits with the 79 keV behavior. If we now assume the wave is moving eastward, the switch in phase of the 158 keV channel oscillations codld be due to the w ~ m&,t resonance lying within the channel at some time. Note that because the spacecraft is moving outwards the drift velocity of the particles seen in a particular channel increases with time (as &s oc L). We can thus suggest that near 0908 UT where the phase switch occurs the particles dominating the detector response were close to resonance. Prior to that point one has the response for oo > moos, i.e., the signal is in phase with the lower energy channel, afterwards the signal is closer to being in antiphase The above facts argue strongly for the October 23, 1974, event's being an example of a transverse mode with antisymmetric form about the equator which is setting up bounce modulation of ion fluxes. This may not however be the full story as a preliminary study of low-energy ion behavior using the UCSD detector on the same spacecraft reveals an electric field in quadrature with the magnetic perturbation but with the wrong phase relationship for an even mode (cf. Figure 2) (J. Quinn, personal communication, 1979). More study should be fruitful.
CONCLUDING REMARKS
We have attempted in this paper to delimit particle behavior in a hydromagnetic wave with a very simple polarization, namely, a purely transverse wave. Our emphasis has been on what a spacecraft-borne detector would see during a wave event. As Table I At low energies, acceleration of a particle over its most recent gyration is the important effect. We called this gyration acceleration. It is an effect which produces changes in flux which depend on the look direction of the detector used. For gyration acceleration the important parameter is the angle between the look direction and the wave-induced E x B drift. At higher energies another direction-dependent effect can be important; in particular, waves with electric field antisymmetrically distributed about the equator can produce strong bounce phase dependence, i.e., detectors looking in opposite directions with respect to the magnetic field see different responses in this case. Other effects, e.g., flux changes due to convection of a spatial gradient back and forth by the wave, produce a nondirectional effect.
The phase of the oscillatory response seen in a particular detector is a strong function of the energy measured and variation between energy channels of the phase of flux oscillations is expected. The dynamically significant circumstance under which this is found is when a group of energy channels contains particles capable of resonating with the wave, but this is far from the only circumstance where it is expected. Some authors [Hasegawa, 1979; $uet al., 1979] have appeared to suggest that a parallel electric field component is necessary to produce particular effects. Hasegawa [1979] suggests it is necessary to produce any interaction at all. Suet al.
[1979] feel it should be introduced to explain flux differences in back-to-back detectors. By example here we have shown parallel electric fields need not be invoked in either case but we would not wish to suggest that parallel electric field components are necessarily unimportant. In further work we aim to include them. Important questions of wave dynamics hinge on the existence of such components, and it would be useful to establish a diagnostic test for them.
We have also ignored the effect of a compressional magnetic component. In this instance we know that signals in the low-frequency pulsation band commonly have such polarization [e.g., Sonnerup et al., 1969; Barfield and McPherron, 1978; Hedgecock, 1976] . Future work should thus also be directed at including the compressional component.
We have only briefly discussed observations here, but other wave-particle events of various types have already been described in the literature and merit further analysis. Because particle flux oscillations can contain unique information about the wave characteristics locally and also far from the point of measurement, studies of oscillations are worthwhile and should be an integral part of hydromagnetic wave analysis in the magnetosphere.
